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Introduction
The cyclization of enediynes has become a relevant isomerization process in many disparate research fields. For example, enediyne cyclization is a bioactive process observed in natural antibiotics and is thus of great interest in drug-design and anti-cancer research. 1 It is also a valuable tool in materials science where it is used for the synthesis of extended conjugated polymers. 2 Regarding the latter, two basic strategies have been studied: a radical step growth polymerization of cyclized enediynes, 3, 4 or a radical cyclization cascade along the backbone of a poly-(ortho-phenylene ethynylene) polymer by way of overlapping enediyne units. 5, 6 A deep 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 understanding of the microscopic mechanisms of these cyclization reactions would thus greatly promote their technological use in fields such as medicine, biochemistry, and nanotechnology.
Recently, a number of studies of enediyne cyclizations on surfaces have appeared. The synthesis of surface-supported conjugated molecular wires has been achieved. 7, 8 Exploration of the reactions on surfaces has allowed their direct visualization at the single molecule level by scanning probe microscopy, providing key insight into reaction mechanisms. 9, 10, 11 Most of the systems studied, however, have been chemically complex and render a large number of different products. 8, 9, 10 Here we report a study on the thermally induced cyclization of a simpler enediyne, namely 1,2-bis(2-phenylethynyl)benzene (1) , and the subsequent non-covalent self-assembly of its cyclization products.
Results and discussion
Sublimation of a submonolayer coverage of 1 onto Au(111) held at 293 K renders a surface decorated with discrete molecules as shown in Figure 1a . (Figure 2d ). This is supported by comparison of the experimental nearest neighbor distribution histogram along the fcc trenches and a calculated random one-dimensional distribution of impenetrable and non-interacting particles at the same coverage ( Figure 2d ). 12 The latter decays monotonically with increasing distance, while the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 peaked experimental distribution is indicative of a repulsive long-range interaction between monomers. 13 As coverage is increased the nearest neighbor distance distribution maximum shifts towards lower values and molecules begin to adsorb in the hcp regions as well (Fig. S1 ). Figure 1b , where the majority of products associate into dimers.
Only molecules adsorbed at the surface's reconstruction dislocations (herringbone kinks) and rare isolated molecules on the surface (as highlighted by an arrow in Fig. 1b ) remain as product monomers, displaying similar STM contrast regardless of their location. Close-up images of the dimer aggregates and of the less frequent product monomers are shown in Figures 3j and 3a, respectively. The image contrast of the dimer complex corresponds to two monomers positioned side-by-side, indicating the non-covalent nature of the dimerization. Remarkably, virtually all reactant molecules transform into the same product structure, in sharp contrast to cyclization studies performed with the same precursor in solution 14, 15 or with more complex precursors on surfaces. 8, 9, 10 Similar to the starting reactants, the dimerized products are seen to favor the fcc regions of the surface and to maintain a relatively large inter-dimer spacing ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 cyclization can lead to the biradical intermediates 2 and 5, respectively. 14, 17, 18 For each of these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 This assignment is further supported by the calculated charge transfer of 0.21 e -from 4 to the surface, which is consistent with the observed repulsion between product dimers (Figure 4a ).
The total energies of all the considered product structures were calculated after relaxation both in gas phase and in the adsorbed state on a Au(111) surface. The results are summarized in Table 1 (further details are given in the Supporting Information). In the gas phase, all optimized species adopt a non-planar conformation to reduce the steric hindrance of adjacent phenyl rings.
It is evident from the calculations that the, C 1 -C 6 cyclization mechanism is the dominant pathway in terms of activation barriers and stability of products in the gas phase, with 4 being 33.4 kcal/mol more stable than the C 1 -C 5 cyclization product 6. Indeed, it has been observed that the thermolysis of 1 in solution yields a C 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 trapped and reverts to the starting material. Under our experimental conditions product 4 is thus exclusively formed instead of the thermodynamically more stable product 6. (4) quenches the initially generated biradical state through the formation of a benzannulated bicyle.
Besides, the STM contrast for the dimer clearly resembles two neighboring monomers (Figure 1) rather than a completely hybridized new compound. According to DFT calculations, we estimate a relatively weak binding energy for the dimer of 1.6 kcal/mol on Au(111) and of 1.9 kcal/mol in the gas phase. 27 A significant part of the stabilization is attributed to attractive van der Waals 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 n>2), which is not observed experimentally. Besides, vdW attraction is expected to be comparable for the reactant 1, which does not undergo dimerization. Moreover, product 4 systematically arranges in a very specific anti-parallel alignment in the dimer, while the longranged vdW interactions are mostly indifferent to such geometric preferences. This suggests the existence of additional driving forces behind the dimerization.
Another possible dimerization mechanism arises from the fact that DFT calculations predict that 4 has a strong electric dipole moment (2.19 D in gas phase and almost 3 D in the adsorbed geometry) due to the highly polarized bonds of the bicyclic structure. The product's intramolecular charge distribution is pictured in Fig. 4c for the adsorbed molecule, and shows how the charge transfer within each atom results in a strong in-plane molecular dipole moment.
The opposite orientation of the monomers within the dimer thus arises from an attractive dipoledipole interaction between the product molecules ( Figure 4d ).
28
This dipole-dipole interaction explains the particular arrangement within the dimers, since it corresponds to the configuration in which the bicycles (and thus the dipoles) are closest and antiparallel to each other in order to maximize the attraction. A rudimentary electrostatics estimate shows that the stabilization energy due to the dipole-dipole interaction is a significant part of the total calculated binding energy. This estimate begins with the understanding that the interaction energy of a pair of dipoles is ‫ܧ߂‬ ஜିஜ = μ ଶ ‫ߝߨ4(/ߐݏܿ‬ ‫ݎ‬ ଷ ). Taking the dipole moment of 4 on the surface (µ~3 D) and an angle θ=180 for the antiparallel alignment, as well as ‫6~ݎ‬ Å for the distance between the most polarized bonds in the dimer, we obtain a total dipole interaction energy of ∆E µ-µ~0 .6 kcal/mol.
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This arrangement also implies that the molecules show chiral recognition upon dimerization (product 4 exhibits planar chirality on the surface, displayed in the insets of Fig. 4d ). Although 4 is a racemic mixture of R and S enantiomers on the surface, dimers are always formed by molecules of the same chirality because it allows maximized intermolecular attraction (closest distance of the polarized bonds in an antiparallel alignment). Pairs of R or S chirality can be easily distinguished by their distinct azimuthal orientation within the reconstruction trenches, as marked in Figure 4a .
Conclusions
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